to date, diabetes has been recognized as an important factor in determining postoperative outcomes after CABG, 5 and the best treatment strategy for diabetic patients with multivessel disease remains controversial.
Conventional CABG (OnP) is one of the most commonly performed procedures, and it is a very well-established treatment for CAD. This procedure, in combination with cardiac arrest, allows for the performance of coronary artery anastomosis in a steady, bloodless surgical field. 6 Nevertheless, significant morbidity remains, mostly because of the whole-body response to the nonphysiologic nature of on-pump, leading to a propagation of systemic inflammatory response syndrome, such as cytokines and complements. 7, 8 Currently, the optimal method for intraoperative myocardial protection is blood cardioplegia, but this is still associated with low cardiac output syndrome in 10% of cases. 9 Over the last decade, interest has reemerged in off-pump (OPCAB) surgery, which avoids cardiopulmonary bypass (CPB), cardioplegic arrest and, consequently, the global ischemic time. Recently, the Randomized On/Off Bypass (ROOBY) and 2 CORONARY trials indicated that 30-day and 1-year outcomes would be no different between OnP and OPCAB. [10] [11] [12] However, a study consisting of 21 640 patients that compared OnP and OPCAB concluded that OPCAB was associated with less morbidity, a shorter-length hospital stay, and similar mortality rates when compared with on-pump procedures, suggesting that OPCAB can be a safe and effective alternative to OnP. 13 In recent years, a hybrid procedure of on-pump beating heart (OnP-BH), but without cardioplegic arrest, might confer some of the advantages of the OPCAB in some higher-risk patients. 14, 15 Yet, to date, very little data exist as part of a clinical trial to validate the OnP, OnP-BH, and OPCAB techniques simultaneously. In this randomized controlled trial, we set to evaluate the 3 surgical techniques by assessing their impact on myocardial protection and early outcomes in patients with DM and triple-vessel disease.
METHODS

Patient selection
This study was approved by the Institutional Review Board of China Medical University and was in compliance with the Health Insurance Portability and Accountability Act Regulations and the Declaration of Helsinki. We used the CONSORT checklist 16 for the design and conduct of this study.
The definition of diabetes is based on the following World Health Organization diagnostic criteria issued in 1999: fasting plasma glucose ≥7.0 mmol/L (126 mg/dL); or 2-hour plasma glucose ≤11.1 mmol/L (200 mg/dL). 17 After receiving written consent from the diabetic patients with triple-vessel disease (number [n]=668), the patients participated voluntarily in OnP (n=223), OnP-BH (n=223), or OPCAB (n=222) in our hospital from January 2011-October 2013. All of the operations were performed by the same surgical team. Among the OPCAB group, conversions to on-pump surgery occurred in 5 patients (2.25%) because of hemodynamic instability. Among the OnP group, 1 patient (0.45%) had his operation converted from on-pump to OPCAB because of heavily calcified aortas. All of these patients were still included in the intention-to-treat analysis.
Exclusion criteria included an inability to provide informed consent, emergency or urgent operation, combined cardiac procedures, cardiac reoperation, a history of renal insufficiency (creatinine [Cr] >2 mg/dL), or stroke within 1 month. Preoperative and perioperative data were collected. Data were collected prospectively during the patient's admission as part of routine clinical practice and were subsequently entered into our cardiac surgery registry. Myocardial injury was assessed by measuring the serial release of cardiac troponin I (cTnI) preoperatively and 1 hour, 12 hours, 24 hours, and 72 hours postoperatively.
Randomization
Before being able to randomize patients, the surgeon had to enter a preoperative plan including which coronary arteries were to be grafted, the conduit type, and whether a single, sequential, or Y-graft was planned. Having done this, the patient was subsequently randomized to OnP, OnP-BH, or OPCAB. Randomization was performed by chance the day prior to surgery using randomization envelopes. Patients were ascribed their unique patient identifier the evening before surgery. The surgical team was only unblinded to the surgical procedure once the patient had been anesthetized. The postoperative care team was blinded according to detailed protocols. Events were, however, evaluated by an independent committee composed of 2 physicians with relevant medical background in the field of cardiac surgery.
Surgical technique
Median sternotomy was used as the surgical access in all cases. The aim of the surgery was to obtain complete revascularization using the left internal mammary artery and saphenous vein grafts, where possible. The anesthetic technique was standardized in the 3 groups; all patients received a standard an-esthetic protocol comprising scopolamine, fentanyl, pancuronium, etomidate, and propofol. Procedures were performed using CPB in the OnP and OnP-BH groups. CPB was established by aortic inflow cannulation and right atrium outflow cannulation with a single 2-stage cannula. The heparin dose was 300 U/kg in the CPB groups to achieve an activated clotting time >400 seconds and 100 U/kg in the OPCAB group. All patients were placed on CPB, during which the mean arterial pressure was maintained between 60 mm Hg and 70 mm Hg, with pharmacological manipulation as necessary. A membrane oxygenator and alpha-stat control of acid-base management were used. In the OnP group, myocardial protection was obtained with 1 L of cold blood cardioplegia delivered antegradely and repeated every 30 minutes as necessary. In the OnP-BH group, we used our OPCAB technique, as previously described, 18 except for the intracoronary shunt. In the OPCAB group, the target vessels were exposed and controlled with a silastic sling. The chosen devices for coronary artery stabilization were the Medtronic Octopus apical suction positioning device and apical suction positioning device (Medtronic, Inc., Minneapolis, MN, USA), with the mean arterial pressure always >60 mm Hg throughout the surgery to maintain hemodynamic stability. The target vessel was then opened and an intracoronary shunt (Medtronic, Inc.) was put in to maintain distal perfusion during the performance of anastomosis. Visualization of the operative field was achieved with a carbon dioxide surgical blower system. All proximal anastomoses were performed with the use of a side-biting aortic clamp.
Postoperative management
When hypotension occurred after the operation, infusions of extracellular fluid type were used and inotropic agents (epinephrine, norepinephrine, or both) were given to maintain an adequate blood pressure or heart rate. All postoperative cardiac surgery patients were taken to a dedicated cardiac intensive care unit (ICU). Glycolic control during the operation and ICU stay was achieved by continuous intravenous insulin infusion, and in the following days. The insulin drip was titrated on the basis of the most recent finger-stick glucose measurement to maintain blood glucose levels between 150 mg/dL and 200 mg/dL. Each patient was required to meet standard criteria before extubation. Patients were generally transferred from the cardiac ICU if they were considered clinically at risk for decreased oxygen delivery. Oral routine medications included daily aspirin and the resumption of cholesterol-lowering agents, beta-blockers, and angiotensin-converting enzyme inhibitors, as appropriate.
Data management and statistical analysis
The data were managed and analyzed by SPSS software version 16 (SPSS, Inc., Chicago, IL, USA). All continuous variables were shown as the mean (standard deviation). Continuous variables were compared by Student t test. Postoperative complications and some preoperative risk factors were compared using the chisquare carried out using analysis of variance (CG1) for continuous variables and the chi-square test for categorical variables. Differences in cTnI among the 3 groups were analyzed with multiple analyses of variance for repeated measures followed by the Student-NewmanKeuls post hoc test. P values were used to evaluate the significance of the differences: P<.05 was considered significant. Table 1 shows the preoperative characteristics of the 3 groups. There were no significant preoperative differences among the 3 groups with regard to age, sex, hypertension, chronic obstructive pulmonary disease, previous MI, peripheral artery disease, history of smoking, dyslipidemia, previous stroke, previous PCIs, carotid stenosis >50%, body mass index, serum creatinine, New York Heart Association class III-IV ejection fraction, and atrial fibrillation (P>.05). Table 2 shows the perioperative data from the 3 groups. No significant difference was found regarding the number of anastomoses, the use of internal thoracic artery, and postoperative new-onset atrial fibrillation in the 3 groups (P>.05). The incidence of hemodialysis, stroke (new acute focal neurologic deficit with signs and symptoms lasting greater than 24 hours, and neurologic events including transient ischemic attack and stroke), reoperation for bleeding, and infective complications were less among the OPCAB group, but the difference did not reach statistical significance (P=.527, P=.243, P=.415, and P=.097, respectively). The complete revascularization (P=.007), postoperative drainage loss (P<.001), intra-aortic balloon pump (IABP) support (P=.040), blood requirements (P<.001), postoperative MI (creatinine kinase [CK]-MB release >80 IU/mL, regardless of concomitant changes in electrocardiogram or impaired hemodynamics) (P=.017), pulmonary complications (P=.002), gastrointestinal complications (P=.025), inotropic requirements >24 hours (P<.001), ventilation >24 hours (P<.001), ICU stay >24 hours (P<.001), and in-hospital stay >7 days (P<.001) were significantly lower in the OPCAB group than in the other 2 groups. The perioperative characteristics were very similar between the OnP-BH and OnP groups, except for blood requirements (P=.008). In-hospital mortality was lower in the OPCAB group than in the other 2 groups, but no statistical difference was observed (OPCAB, n=2, 0.9%; OnP-BH, n=4, 1.2%; OnP, n=7, 3.1%). Table 3 indicates the cTnI values from all 3 groups. No significant differences in preoperative values were observed among these groups. Each independent technique showed a marked rise of cTnI from baseline to 12 hours and a decrease from 12 hours to 72 hours postoperatively. Furthermore, the lowest cTnI was in the OPCAB group, followed by the OnP group, and the highest value was in the OnP-BH group, 1 hour, 12 hours, 24 hours, and 72 hours postoperatively (P<.05). OpCAb: off-pump coronary artery bypass grafting; n: number; Onp-bH: on-pump beating heart; Onp: conventional coronary artery bypass grafting. Sd: standard deviation; M: male; F: female; COpd: chronic obstructive pulmonary disease; Mi: myocardial infarction; pCi: percutaneous coronary intervention; bMi: body mass index; nYHA: new York Heart Association; AF: atrial fibrillation.
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Coronary artery lesions in diabetic patients are frequently complex, owing to their small size and diffuse involvement with atherosclerosis. 19 Therefore, many diabetic patients with coronary heart disease have multivessel disease or severely stenosed vessels. In diabetic patients with severe multivessel disease, CABG was repeatedly proven to be superior to PCIs in terms of the risk of MI, cardiac death, and the need for repeat revascularization. Nevertheless, OnP can also lead to severe complications, as demonstrated in prospective studies that show a 1% to 3% incidence rate of ischemic and hemorrhagic insults after CABG. 20, 21 This risk is particularly high for patients with DM.
The largest trial that has compared OnP with OPCAB was the ROOBY trial, 10 which enrolled 2203 patients from the Veterans Affairs medical system. However, the trial did not have sufficient power to accurately assess moderate, but clinically important, differences in the rates of death, MI, stroke, and renal failure. Furthermore, the cited research remains controversial because more than 50% of procedures were performed OpCAb: off-pump coronary artery bypass grafting; n: number; Onp-bH: on-pump beating heart; Onp: conventional coronary artery bypass grafting; iAbp: intra-aortic balloon pump; AF: atrial fibrillation; Mi: myocardial infarction; iCU: intensive care unit. by surgeons with low to moderate experience. Another limitation of this study was the very high conversion rate from off-pump to on-pump surgery. Lamy et al 11, 12 overcame some of the limitations of the previous studies and conducted a larger trial (CORONARY) in a wider range of hospital settings, with specific requirements for surgical experience. The researchers concluded that 30-day and 1-year outcomes would be no different between OnP and OPCAB. In their study, each operation was performed by a surgeon with expertise in the specific type of surgery that the patient was assigned to receive. Expertise was defined as having more than 2 years of experience and having completed more than 100 procedures involving the specific technique. Surgeons who met these criteria for each type of operation, separately, were considered to have expertise in both techniques and were allowed to perform both types of CABG during the trial. However, in our opinion, the training process for OPCAB is extremely important to achieve proficiency in technically demanding procedures. Although it was a study that consisted of 21 640 patients, had compared OnP and OPCAB, and had concluded that OPCAB was associated with less morbidity, a shorterlength hospital stay, and similar mortality rates when compared with the on-pump procedures, 13 this study is subject to the limitations inherent in any nonrandomized retrospective observational study. It is also affected by the fact that the OPCAB techniques were used in only 9% of CABG procedures in this multicenter analysis, and that individual surgeon experience can influence the results of OPCAB. Moreover, the trials detailed herein did not discuss the effect of DM for different coronary surgical techniques. OnP-BH is an attractive technique that keeps a heartbeat with the aid of CPB, but without aortic cross clamping or cardioplegic arrest. The avoidance of cardioplegic arrest can eliminate intraoperative global myocardial ischemia, which might contribute to myocardial protection. 22 The beating heart can preserve native coronary blood flow, which might reduce myocardial injury.
23 Perrault et al 22 described
OnP-BH coronary operations as an acceptable tradeoff between conventional CABG and OPCAB in highrisk patients. However, for patients with DM and multivessel disease, who often present with diffuse coronary disease when compared with nondiabetic patients, intraoperative myocardial protection may be different for different coronary surgical techniques. In a very recent study by Emmert et al 24 that included 1015 DM patients, OPCAB offers a lower mortality rate and superior postoperative outcomes in diabetic patients with multivessel disease. Nevertheless, that investigation was limited by quite a long study period and by the fact that most on-pump CABG patients were treated during the early part of the study, whereas the majority of off-pump CABG patients were included during the latter part of the study period, and they had 2 groups of surgeons with different operating skills. Our results are in general agreement with an earlier report on the beneficial outcome effects of offpump CABG in DM patients conducted by Renner et al. 25 However, the limitations of their study include that it was a nonrandomized, retrospective, observational study; moreover, the differences in preoperative IABP use, repeat CABG procedure and urgent operations were likely to influence perioperative mortality. To the best of our knowledge, the present randomized investigation simultaneously validated the OnP, OnP-BH, and OPCAB techniques for the first time, and it observed lower incidences of postoperative complications in DM patients with triple-vessel disease undergoing OPCAB.
However, there is much criticism about OPCAB because of the potential for incomplete revascularization and the worsening quality of vascular anastomosis. Findings about the inferior patency rate of conduitperformed OPCAB were reported from numerous randomized studies comparing the angiographic results of OnP and OPCAB, especially when the grafts were made from the great saphenous vein. 26 An observed trend toward a higher mean number of coronary anastomoses and 1-year rates of graft patency in the OnP group when compared to the OPCAB group was reported. 10 However, a randomized trial concluded that off-pump and on-pump CABG were associated with similar early and late graft patency, incidence rates of recurrent or residual MI, the need for reintervention, and long-term survival. 27 Although we observed slightly fewer anastomoses in the OPCAB group than in the other 2 groups, no statistical difference was observed (OPCAB, 3.18 [0.64]; OnP-BH, 3.21 [0.66]; OnP, 3.22 [0.61]). However, complete revascularization was less in the OPCAB group than in the other 2 groups in our study (P=.007). On the contrary, in-hospital mortality was lower in the OPCAB group than in the other two groups, but the difference failed to reach statistical significance (OPCAB, n=2, 0.9%; OnP-BH, n=4, 1.2%; OnP, n=7, 3.1%).
Our study observed that the lowest cTnI level was in the OPCAB group, followed by the OnP group, and the highest level was in the OnP-BH group, 1 hour, 12 hours, 24 hours, and 72 hours postoperatively. Most of the available evidence arises from studies in which CPB, cardioplegic arrest, and surgical trauma were concomitantly used. Although cardioplegic arrest was not used in the OnP-BH group, by contrast, the degree of myocardial injury was the most serious. So it could be argued that the observed changes in myocardial injury were due to CPB and surgical trauma alone. Recently, Pegg et al 28 reported a small randomized trial of 50 patients with impaired left ventricular function to compare OnP-BH versus OnP; the authors found that the incidence of new irreversible myocardial injury was significantly higher in OnP-BH than in OnP. In their study, the mean perfusion pressure during CPB was about 60 mm Hg, but clearly it may be much lower distally due to significant proximal coronary stenosis. Our results are in general agreement with their report on the mechanism of myocardial injury, because the present study suggests that the combination of bypass may still not be adequate to perfuse the distal coronary territories, especially in patients with DM and triple-vessel disease, who often present with diffuse coronary disease leading to inadequate coronary perfusion to distal myocardial territories.
In high-risk patient cohorts, the benefits of avoiding CPB and aortic manipulation may be more apparent than in lower-risk patients. However, one of the main limitations of OPCAB is the occasional need to convert to on-pump. This occurrence is associated with a significantly increased risk of mortality and postoperative morbidity, and it negates any potential benefit of OPCAB. Several authors have, however, reported that hemodynamic collapse and emergent conversion to CPB from off-pump CABG is associated with a poor prognosis. 29 In our study, as previously reported, 5 patients (2.25%) converted to on-pump surgery. Certain maneuvers may avoid some of the potentially deleterious hemodynamic consequences during OPCAB that may lead to conversion. At our institution, certain intraoperative techniques can facilitate OPCAB even during challenging cases. The sequence of grafting (left internal thoracic artery to left anterior descending artery anastomosis prior to the other anastomoses may maintain cardiac performance), the timing of proximal anastomoses, grafting collateralized vessels first, the use of a cardiac stabilizing device in combination with an apical suction positioning device, the use of intracoronary shunts, trials of temporary regional ischemia before arteriotomy, the judicious use of inotropic agents, and minimizing compression during cardiac positioning can all be used to result in a successful OPCAB procedure.
Although the early outcomes of our trial are encouraging, it is important to recognize that we stipulated a high level of expertise for participating surgeons. Therefore, surgeons, particularly trainees or inexperienced surgeons who are early in the learning curve, may choose to tailor their surgical approach according to the expected technical difficulties and potential benefits for each patient. In our clinical routine, we completed more than 50% of cases of OPCAB. The entire cardiac surgical staff is therefore highly familiar with this technique. Less experienced centers and centers still in the process of establishing OPCAB programs should start out with standard patients with good target vessels. Subsequently, the experience gained can thus be transferred to high-risk cases, aiming for excellent results in that challenging population.
Study limitations
The single-surgeon, single-center nature of the trial design limits the generalizability of the surgical outcomes, as both the center and the surgeon have greater than average experience and interest in OPCAB. Furthermore, we are not able to study graft patency in the 3 groups, though this is a crucial outcome when evaluating the 3 surgical techniques. The present report does not include data on long-term morbidity and mortality. However, further follow-up and angiographic control of graft patency are planned and are in the process of being performed. Finally, an estimation of glucose control (glycosylated hemoglobin) before surgery and its impact on the postoperative infection rate would be interesting to investigate.
In conclusion, these findings are important because this is, to our knowledge, the first randomized study to evaluate the 3 surgical techniques by assessing their impact on myocardial protection and early outcomes in patients with DM and triple-vessel disease. The results of this study are counterintuitive, but they clearly document higher levels of myocardial injury and worse early outcomes in response to revascularization in OnP-BH patients. The OnP-BH technique is theoretically elegant in its conception; however, these issues need to be resolved before this hybrid technique is suitable for use in patients with DM and triple-vessel disease. OPCAB is superior to both the OnP-BH and OnP techniques for treating patients with DM and triple-vessel disease.
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